I perform an independent analysis of radio Doppler tracking data from the Pioneer 10 spacecraft for the time period 1987-1994. All of the tracking data were taken from public archive sources, and the analysis tools were developed independently by myself. I confirm that an apparent anomalous acceleration is acting on the Pioneer 10 spacecraft, which is not accounted for by present physical models of spacecraft navigation. My best fit value for the acceleration, including corrections for systematic biases and uncertainties, is (8.60 f 1.34) x cm s -~, directed towards the Sun. This value compares favorably to previous results. I examine the robustness of my result to various perturbations of the analysis method, and find agreement to within f 5 % . The anomalous acceleration is reasonably constant with time, with a characteristic variation time scale of > 70 yr. Such a variation timescale is still too short to rule out on-board thermal radiation effects, based on this particular Pioneer 10 data set. PACS numbers: 04.80.-y, 95.10.Eg, 95.55.Pe * Electronic address: craigm@lheamail.gsfc.nasa.gov 1 https://ntrs.nasa.gov/search.jsp?R=20030112412 2020-03-08T01:07:08+00:00Z ~
The data are stored in a standard Archival Tracking Data File (ATDF) format [6] .
An initial level of filtering and processing was applied to the raw ATDF records. A large number of records were in "one-way" Doppler mode (i.e., transmissions originating from the spacecraft) and were simply discarded. The integration time of the records was variable, and ranged from 0.1 s (so-called "high rate" Doppler), to N 100 s or more. The high rate data
in particular contained a large number of samples, and to prevent over-weighting of those segments, I chose to accumulate the Doppler counts to intervals of at least 60 s in duration.
I also eliminated discontinuous or noisy data, which occur preferentially at the beginnings and ends of tracking passes, or during noisy passes. A basic sliding 10-sample median filter was applied, and points more than 100 Hz from the median were discarded. The expected frequency at the receiver at time t 3 can be expressed as where f l is the uplink frequency at time tl as measured at the transmitter, fspin is the spacecraft spin frequency at time t 2 , and the ratio 240/221 is the spacecraft transponder turnaround ratio (note that 7 = 1 + 240/221). variations in the length of day (i.e., UT1-UTC) are also taken into account. Coordinates of earthbound DSN antennae, referred to the ITRF, are also known to centimeter precision or better based on VLBI, are taken from an existing DSN publication E181 (but see Sec. V). 
where aN is due to Newtonian gravity, as is the acceleration due to solar radiation pressure;
and ap is an anomalous acceleration term (i.e., that which is not accounted for by known physics). In a manner similar to A02, I model the acceleration due to solar radiation pressure as radially directed outward from the Sun with a magnitude Table I . For the Pioneer 10 geometric area I have used the area of the high gain antenna, which has a radius of 137 cm. The angle of the antenna to the Sun, 0, is always less than 1.5" for Pioneer 10 after 1987, and here I have approximated it as 8 = 0" with a loss in precision in acceleration of < 4 x cm s-'.
The Pioneer 10 anomalous acceleration, a p , is modeled primarily as a constant acceleration, a p = a p t , where here i. is a unit vector pointing from the Sun to the spacecraft.
As noted by A02 (and below), the Doppler tracking data for Pioneer 10 do not permit one to distinguish between a geocentric or heliocentric acceleration, so this representation is also equivalent to an acceleration directed along the Earth-spacecraft line. As I am using the "usual" sign convention for frequencies and velocities [17] , a negative value for up will represent an apparent acceleration towards the Sun.
I also test the constancy of the acceleration by adding a jerk term,
where j p is the anomalous jerk, which measures the deviation of the acceleration from a constant. This expression can be rewritten as where q p = j p / u p ( O ) represents the timescale over which the anomalous acceleration changes. However, since the heliocentric spacecraft velocity is nearly constant with time (heliocentric radial velocity range of 13.1-12.6 km, with a mean of 12.8 km s-'), the jerk term is also equivalent to a spatial gradient of the anomalous force, and equation 8 can also be rewritten as a p ( t ) = U P ( O ) ( l + T / R j P ) (9) where r is the heliocentric distance and Rjp = jp/(ap(O)o,) is the physical distance scale for variations in the acceleration.
B. Spacecraft Maneuvers
The Pioneer 10 antenna is designed to point towards the Earth. As the spacecraft moves outward through the solar system, regular maneuvers must be made to adjust the spacecraft attitude to maintain an Earth-pointing direction. The spacecraft has two thruster assemblies mounted on the rim of the high gain antenna, which are aligned with the antenna and spin axes. During the maneuvers, the thrusters execute several small pulses, with each thruster assembly firing in opposite directions. The spin axis is gradually precessed until a spacecraft feedback loop determines that the antenna axis is again pointed towards the Earth. According to A02, the maneuver duration is about 15 minutes.
-In principle, the impulses from the thrusters are in opposite directions, and thus should impart no net change in velocity t o the spacecraft. In practice, the control of the thruster nozzles is imperfect, and it is possible that a small velocity change will be imparted during the maneuver. In most cases, these velocity increments or decrements are directly visible in the Doppler tracking data (see Sec. V). I treated these velocity changes as adjustable parameters. For the j t h maneuver, I modeled the velocity change as Avj = Avjfj where Avj is a free parameter and C j is a unit vector which points from the Earth to the spacecraft at the time of the maneuver.
The precise epochs of the maneuvers are not easily determined from the ATDF data available from the NSSDC archive. In principle these data should always be available, in a "high Doppler rate" mode, since maneuvers can only be performed during tracking passes.
Unfortunately very little of the high rate data is present in the archive. Rather than guess at the maneuver epochs, I requested and obtained from the Anderson group a file which contained the epochs of the maneuvers as used in the CHASMP program [21] . However, the velocity increments and directions were determined by my own independent analysis.
Since the maneuvers are modeled with a single quantity, they determine the mean velocity shift per maneuver. Shorter time scale effects, like transient leakage from the thruster nozzles, will not be modeled. However, A02 found that transient effects were small, and I will not model them further. A02 provides a sample case of a maneuver from December 23,
1993
. This data was also present in the NSSDC archive files, and I was able to verify that the behavior was very close to that described by A02.
C. Spacecraft Spin
The downlinked tracking signal is affected by the spacecraft spin (equation 1 performing an analysis run where the spin rate was held fixed at its mean value, and also at zero, and the changes were negligible.
D. Integration of Equations
The equations of motion were integrated using an Adams-Bashford-Moulton predictor corrector algorithm, based on the DDEABM [23] routine of the SLATEC library [24] (translated to IDL [SI). This integrator is of variable order (up to order 13) and adaptive step size. I adjusted the error control parameters so that frequency residuals were less than 0.1 mHz. The initial conditions were the initial spacecraft position and velocity referred t o the solar system barycenter.
E. Additional Filtering
Several additional data filtering criteria were applied, which relate to the effects of the I should note that the exclusion of the segments mentioned above had a small effect on ~~ -~ ~ * the result. When, in a separate analysis, I included all of the data, the same value for the anomalous acceleration was reproduced to within 6%. However, because of the sensitivity of the least squares optimization technique to outliers, it is prudent to exclude highly noisy data which can significantly bias the result.
F. Least Squares Optimization
The Doppler data were fitted to the model iteratively using a least squares technique.
The fitting code is based upon MINPACK-1 [25, 261, but translated to IDL [8] . The free parameters are: (1) the position and velocity of the spacecraft at the initial epoch; (2) an anomalous acceleration; (3) velocity increments Avj due to maneuvers (a total of 18 increments); and (4) in some cases a jerk term. The Earth station coordinates and velocities were also preliminarily considered to be free parameters. Upon completion of the fit, parameter uncertainties were estimated by adjusting the Doppler frequency uncertainties so that the x2 value was equal to unity, and appropriately rescaling the parameter uncertainties derived from the covariance matrix of the fit. In addition to providing the parameter uncertainties, this method also provides an estimate of the variance of the Doppler residuals for a-given model.
Since outliers can still be a problem, I gradually removed the outliers by applying a threshold filter. Initially the acceptance region for residuals was f 1 0 Hz around zero. As the fit steadily improved, I narrowed the acceptance region until I reached a minimum of f 6 0 mHz. The distribution of residuals for the best fit is shown in Figure 2 . The distribution has a clear sharp peak (la width of 4.2 mHz), with broad wings that extend at least to 30 mHz and beyond. Thus, the measured variance in the residuals will always be larger than 4.2 mHz, and depend largely on the size of the acceptance window. I decided that a f 6 0 mHz window was a reasonable compromise between too lax and too aggressive outlier removal.
A total of 312,116 Doppler records passed the preliminary filtering process described in Sec. 111. I found this number of data points to be unwieldy to process simultaneously in core memory of a typical workstation computer, both in terms of memory consumption and processing time. I elected to literally decimate the data, taking only every tenth sample.
This resulted in 31,211 raw records for the main processing runs. After application of the corona, tropospheric and low-noise selection criteria, a total of 23,852 or 76% of the records anomalous acceleration is reasonably constant over time, even when allowing the maneuver parameters t o vary. 14 remained. As a consistency check, I applied the same analysis to successive independent batches of 31,211 records drawn from the full pool of Doppler records. I found that each batch produced comparable results to the main batch. The distributions of parameter values from all ten batches were well matched by the error estimates taken from the rescaled covariance matrix, and therefore I have reasonable confidence that the covariance matrix produces appropriate statistical parameter uncertainties, even in the environment of outlier points.
'

V. RESULTS
In my best fit model I can confirm the signature of a constant acceleration acting on the Pioneer 10 spacecraft. Figure 3 shows the best fit model with and without the anomalous term [17] . Table I1 shows the best fitting anomalous acceleration value, up, for various cases, Generally, there is good agreement between the work of A02 and myself.
The best fit case was performed without a jerk term. When a jerk is included, the fit improves slightly (as judged by the reduction in the rms residuals), and the anomalous acceleration value increases by about 5%. The small fitted jerk value demonstrates that the I have included two fits with simplified spacecraft spin models. The first model, "Mean spin," assumes that the spacecraft spin remains constant at its mean value of 4.40 rpm. The second model, "No spin," assumes that the spacecraft has no spin at all. Both cases produce results that are essentially indistinguishable from the best fit case, with similar values of u p and similar qualities of residuals. Thus, while the spin data was not independently determined by myself, it has little impact on the final result. The reason that the zero spin solution does not contain N 75 mHz residuals is that these residuals are essentially constant, and can easily be absorbed into the other free parameters, such as the initial velocity vector and the maneuver velocity increments.
Taking this possibility to its logical extreme, one might surmise that the entire anomaly could be absorbed into the other free parameters. The next entry in Table 11 , "Only maneuvers," fixes up = 0 while allowing the other parameters to vary. I found that the anomaly is indeed absorbed into the maneuver velocity increments, as might be expected. However this possibility is not likely for several reasons. First, the rms residuals are considerably worse. If one were to take the "best fit" case as a good fit, i.e. a reduced x2 value of unity, then the "only maneuvers" case would have a reduced x2 value of 7.2, which is very unlikely statistically. The residuals also show systematic trends which actually magnify the Doppler discontinuities across maneuver epochs (Figure 4) . Also, one would have to explain how a set of maneuvers, whose times are irregularly spaced, could produce a steady increase in the velocity of the craft over 7.5 years to within one percent. Finally, the maneuver velocity impulses must be significantly larger in magnitude than the "best fit" case by a factor of N 7.5. For these reasons I believe that the "only maneuvers" case to be extremely unlikely. Table I1 is the case where no maneuvers are modeled, i.e. all of the AuJ are set to zero. Of course, Doppler discontinuities are clearly visible in this case ( Figure   5 ), but they are (a) small compared to the anomaly, and (b) both positive and negative sign, compared to the anomaly which is unidirectional. This result shows that even without any modeling of spacecraft maneuvers, the anomaly is significantly detected, and although considerable effort was put into accurate maneuver modeling, even a crude model would have sufficed.
The final entry in
In all of the values cited in Table 11 , the positions and motions of the Earth stations were fixed to the values determined from VLBI [18] . [The station motions are due primarily to tectonic drift.] In another fit (not shown), I allowed the station coordinates to be free parameters. I found that the fitted station coordinates converged to the quoted positions to within a few meters. Therefore, I left the stations fixed to their fiducial positions.
While A02 divided their data set into three separate intervals? I do not believe this approach to be appropriate for the abbreviated data set that I have access to. Therefore, in my discussion I quote the "best fit" value, which covers the entire 1987-1994 range.
A02 discovered annual and diurnal signatures in their residuals, which had amplitudes of approximately 10 mHz each. While the source was ultimately undetermined, A02 believed the periodic residuals to be due to previously unrealized errors in the tabulated solar system ephemerides, and therefore considered it to be a systematic uncertainty in the analysis. As
can be seen in the bottom panel of Figure 3 , I also detect modulations of the -annual residuals at a similar amplitude. I also consider this effect to be a systematic uncertainty.
Finally, I considered the geometric origin of the anomalous acceleration. As I have already mentioned, I assumed that the anomalous acceleration was directed toward the Sun. In a separate fit, I adjusted the equations of motion so that the acceleration was directed toward the instantaneous position of the Earth instead of the Sun. This change altered the Doppler residuals systematically by less than 0.5 mHz, and altered the best fit anomalous acceleration value by less than 2%. Thus, the center of acceleration could be either the Sun or the Earth and still be consistent with the data. [27] .
VI. ANOMALOUS ACCELERATION AND UNCERTAINTIES
A02 presented a comprehensive discussion of the systematic uncertainties associated with the determination of the anomalous Pioneer acceleration. I do not intend to repeat such a discussion, but instead will summarize and adjust it. A02 divided the uncertainties into three main categories: those generated external to the spacecraft, those generated on board the spacecraft, and computational uncertainties.
A02 estimated that the uncertainties associated with effects external to the spacecraft were essentially negligible, with an rms contribution of 2 0.04 x cm s -~. The largest estimated systematic uncertainties were associated with effects generated on board the Pioneer 10 spacecraft. A02 estimated the rms contribution of these effects to be 1.27 x cm s -~, which included terms for the reflected heat from the RTGs; differential emissivity of the RTGs; non-isotropic radiative cooling of the spacecraft; gas leakage; and other smaller ~~ ~~ ~ . effects. I adopt those values here.
The third category, computational uncertainties, were estimated to be N 0.35 x cm s -~, and included terms for consistency of modeling (gconsist-model) and the unmodeled annual and diurnal residuals. A02 was able to rely on their Interval I11 (July 1992-July 1998) for the most consistent determination of anomalous acceleration, but most of that data was not available to me. Thus the consistency between different models in my analysis will by necessity be less. For the purposes of this work, I will take oconsist-model to be one half of the range of anomalous acceleration determinations, or where, t o be conservative, I have included the "extreme" cases in Table I1 (compare to a value of 0.13 x cm s -~ determined by A02). Thus, the total estimated computational uncertainty is N 0.38 x cm s -~. The combination of the uncertainties from all three categories, assuming they are are uncorrelated, is u p = 1.34 x cm s -~.
A02 also identified experimental "biases," which were other effects that would tend to systematically increase or decrease the anomalous acceleration from its experiment ally determined value. For example, they estimated that the radio transmitter exerts a radiation force which accelerates the spacecraft at 1.10 x cm s -~, directed away from the Sun.
This acceleration would tend to increase the anomalous acceleration. Their final bias value, using the sign convention of this paper [17] , is b p = -0.90 x cm s -~, which I also adopt.
Clearly, the uncertainty in the determination of the anomalous Pioneer 10 acceleration is systematics-dominated and not statistics-dominated. Determination of the absolute jerk is therefore similarly dominated by systematic uncertainties. Formally, I take the upper limit to the absolute jerk to be
where T is the data time span of 7.5 years. This upper limit is a factor of -1.5 larger than the value determined in Table 11 . A more interesting quantity is the relative jerk (e.g.,
The Doppler tracking data alone show a reasonably linear correlation with time, and hence require a small relative jerk. The effects of a jerk term would be strongest in the 1994-1998 time range of the A02 data set, but A02 did not see the effect. I will therefore still consider the jerk term shown in Table 11 , expressed relative to u p , to be an upper limit. This leads to and Rjp > 170 A.U., which implies that the anomalous acceleration, if it varies, must do so on broad spatial or temporal scales.
For my determination of the anomalous acceleration I will assume that the jerk is zero, and hence use the "best fit" case of Table 11 . Following the terminology of A02, I label that The scope of this paper is to verify the Pioneer 10 anomalous acceleration by performing an independent analysis. I will however discuss briefly some implications for alternate explanations of the effect.
A02 mentions the Yukawa potential [28] as a candidate form of modified gravity, In order to test the sensitivity to a jerk term, I performed a test using simulated data. I used the best fit trajectory with jerk to construct a synthetic Doppler series, without noise, over an 11.5 year baseline on a regularly sampled time grid. I then fitted that series to a model with no jerk, but including maneuvers. I found that a reasonably good fit could ~ be found. The rms residuals were -1 mHz, which is much smaller than the typical rms residuals of the actual best fit models. The signature of the jerk was a small parabolic curve in the residuals in each segment between maneuvers. Thus, I consider it possible that a jerk term could be present in the residuals without being readily apparent. An analysis of the full Doppler data set would be desirable.
.
VIII. CONCLUSION
I have confirmed by independent analysis that the Pioneer 10 anomalous acceleration exists in the Doppler tracking data, and is likely not to be an artifact of the software processing by A02. Direct comparison to A02's SIGMA acceleration value in their Interval I yields agreement at better than the 1% level. The anomaly is robust to different choices of spacecraft spin model, and also produces a consistent value even when all maneuvers are removed. This data does not constrain whether anomalous acceleration is geocentric or heliocentric. By including a jerk term, I have showed that the acceleration is reasonably constant as a function of time over a 7.5 year time baseline, but not constant enough to rule out thermal radiation effects due to radioactive decay of Plutonium on board the spacecraft. ~ and velocities. In this paper, all quantities are presented using the ''usual" convention. Higher frequencies are more positive; lower frequencies are more negative. A receding spacecraft has a positive velocity; an approaching one has a negative velocity. are plotted using the "usual" sign convention [17] .
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